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Abstract
We studied two BaFe2−xNixAs2 (Ni-doped Ba-122) single crystals at two different
doping levels (underdoped and optimally doped) using an optical spectroscopic
technique. The underdoped sample shows a magnetic phase transition around 80
K. We analyze the data with a Drude-Lorentz model with two Drude components
(D1 and D2). It is known that the narrow D1 component originates from electron
carriers in the electron-pockets and the broad D2 mode is from hole carriers in
the hole-pockets. While the plasma frequencies of both Drude components and
the static scattering rate of the broad D2 component show negligible temperature
dependencies, the static scattering rate of the D1 mode shows strong temperature
dependence for the both samples. We observed a hidden quasi-linear temperature
dependence in the scattering rate of the D1 mode above and below the magnetic
transition temperature while in the optimally doped sample the scattering rate shows
a more quadratic temperature dependence. The hidden non-Fermi liquid behavior in
the underdoped sample seems to be related to the magnetic phase of the material.
*Correspondence to [email: jungseek@skku.edu].
1
ar
X
iv
:1
51
0.
04
14
8v
1 
 [c
on
d-
ma
t.s
up
r-c
on
]  
14
 O
ct 
20
15
The FeAs high temperature superconductors have been attracted much attention and
have been studied intensively since their first discovery in 2006 and 20081,2. These com-
pounds are of several different types. Those types are a ”1111” type (LaFePO, SmFeAsO,
PrFeAsO, LaFeAsO etc.), a ”122” type (BaFe2As2, SrFe2As2, CaFe2As2 etc.), a ”111” type
(LiFeAs, NaFeAs, LiFeP etc.), a ”11” type (Fe(Te,Se)), and so on. Each type except ”11”
has a different layered structure consisting of an alternating a charge transport layer and a
charge reservoir layer; ”11” type consists of only charge transfer layers. Each type shows
a similar phase diagram as that of cuprates3 even though the details are quite different;
undoped parent compounds are antiferromagnetic metals while cuprates are antiferromag-
netic Mott insulators. The superconducting mechanism in this material has not yet been
figured out. Researchers in this field believe that its mechanism may have a common origin
with that of the cuprates. Density functional theory calculation shows the electronic struc-
ture of FeAs compounds is multiband with three hole-like bands at the Γ point and two
electron-like bands at the Brillouin zone corners4. The FeAs-compounds also show multigap
superconductivity5 compared with the cuprates which have a single d-wave superconducting
gap. Since this material has the multiband channels an analysis of the optical data may
need to include two different types of free-carrier contributions6. This material also shows
quite strong correlations among charge carriers; electronic many-body effects seem to be
important7.
Recent optical study on Ba0.6K0.4Fe2As2 with two Drude modes shows interesting hidden
temperature-dependent properties of the two Drude modes8. It is observed that the two
Drude modes show significantly different temperature-dependent trends; only one of the
Drude modes shows a strong temperature dependence. The approach used is a similar to
the so-called two-component analysis introduced in an earlier paper on Bi2Sr2CaCu2O8+δ
cuprates9. In the earlier paper they also introduced a so-called one-component analysis,
which is also known as an extended Drude model10,11. Since FeAs-compounds have multi-
bands the compounds can be analyzed approximately with two Drude components as in
Dai et al. paper8, which corresponds to the two-component analysis for cuprates. The one-
component (or extended Drude model) analysis has been applied to Fe-pnictide systems12–14
with a single band approximation even though the material systems have multiband char-
acteristics. To resolve the multiband issue one should develop a new method including the
multiband nature. Another issue for the direct application of the extended Drude model
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to the Fe-pictides is that the system has low-energy interband transitions15, which need to
be considered. Because of those nontrivial issues associated with application of the one-
component analysis we applied a two-component analysis to analyze our optically measured
spectra.
In this paper we investigate Ni-doped Ba-122 type Fe-pnictide samples (BaNixFe2−xAs2)
at two different doping levels: an underdoped x = 0.05 with the superconducting tran-
sition temperature, Tc = 10 K and an optimally doped x = 0.10 with Tc = 17 K. The
underdoped compound shows magnetic and structure transitions near 80 K. We applied the
two-component analysis to understand our optical data of BaFe2−xNixAs2 (x = 0.05 and
0.10). For the analysis we use a model with two Drude components for the two electron-
and hole- pockets on the Fermi surface. We found that one of the two Drude modes is quite
narrow compared to the other as in a reported paper8. We denote the narrow as D1 and the
broad D2. Other studies show that D1 (D2) come from the contribution of the electron-
pocket (hole-pocket)8,16,17. From this analysis we can expose hidden transport properties.
We found that in the underdoped sample the magnetic transition affects transport properties
of electron carriers. We observed that the underdoped and optimally doped samples show
different temperature dependent hidden transport properties; the optimally doped sample
shows a Fermi-liquid behavior while the underdoped one shows a non-Fermi liquid behavior.
Results and discussion
The measured reflectance spectra of our two Ni-doped Ba-122 crystal samples (see Meth-
ods section) at various temperatures are shown in Fig. 1 (a, b). In the insets we display
magnified views to show the data better in low frequency region. While the optimally doped
sample (x = 0.10) shows a monotonic temperature evolution the underdoped one (x =
0.05) shows non-monotonic temperature evolution below ∼ 1000 cm−1; reflectance increases
initially as temperature decreases down to ∼ 100 K and then below this temperature it
decreases as shown in the inset of the upper panel. The non-monotonic behavior with tem-
perature seems to be related to the magnetic phase transition of the system. Both sets
of data show two characteristic crossing points near 1000 cm−1 and 4000 cm−1. We ana-
lyzed further the reflectance spectra using a Kramers-Kronig relation (see Methods section)
to obtain optical constants including the optical conductivity and the dynamic dielectric
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function.
In Fig. 2 (a, b) we display the real part of the optical conductivity (σ1(ω)) of our two
samples obtained using the Kramers-Kronig process described in Methods section. As we
expected from the reflectance data we can see a conductivity inversion at low frequency
in the conductivity of the underdoped sample while the optimally doped sample shows a
monotonic increase as temperature decreases. We also display the measured DC resistiv-
ity data obtained by using a four-probe measurement technique in the insets. The DC
resistivity of the underdoped sample shows an anomaly near 80 K marked with a red ar-
row as shown in the inset of the upper panel where the magnetic phase transition takes
place. To study the frequency dependent spectral weight redistribution we calculated the
accumulated conductivity (or partial sum), which is defined as Ws(ω) ≡
∫ ω
0
σ1(ω
′)dω′. We
note that Ws(∞) is proportional to the number density of total electrons in a material,
i.e. 8 Ws(∞) ≡
∑
i 4piNie
2/m∗i where Ni is the electron density of the ith band, e is the
unit charge, and m∗i is the effective mass (or band mass) of electron in the ith band. We
display the partial sums of our two samples at various temperatures in Fig. 3 (a, b). We
can see spectral weight redistributions as a function of temperature. Our optimally doped
sample (in Fig. 3b) shows monotonic temperature dependence; as temperature decreases
the spectral weight increases in the low frequency region and then the spectral weights at all
measured temperatures merge together at high frequency. We display the optical conductiv-
ity in low frequency region below 700 cm−1 in the inset to show the temperature dependent
behavior more clearly. Our underdoped sample (in Fig. 3a) shows a dramatic change across
the magnetic transition temperature; below the transition temperature a significant spectral
weight loss in low frequency region is observed and the spectral weight loss seems to be
transferred to high frequency region above our measurement range. We also display the
optical conductivity in the low frequency region below 700 cm−1 in the inset to show the
non-monotonic temperature dependent behavior in the spectral weight.
We display two representative real parts of the optical conductivity data of our two
samples at 150 K and their Drude-Lorentz fits (see Methods section) in Fig. 4 (a, b).
For the fitting we used two Drude modes (D1: one narrow and D2: the other broad) and
two Lorentz modes (L1: one is strong at high and L2: the other weak at low frequency).
While the narrow Drude component (D1) is known as contribution from electron carriers in
the electron-pocket, the broad one (D2) from hole carriers8,16,17. The Lorentz component
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(L1) at high frequency shows negligible temperature dependence. The Lorentz component
(L2) at low frequency is the interband transition at 1300 cm−1 which was reported recently
by Marsik et.al18. For the fitting we used the reported temperature and doping dependent
amplitudes of the low-energy Lorentz component. We note that the low-energy component is
quite weak in terms of the spectral weight. Therefore we expect that it will have negligible
impact on overall fits. We display temperature dependent fitting parameters of the two
Drude components of the underdoped and optimally doped samples in Fig. 5 (a, b) and Fig.
6 (a, b), respectively.
In Fig. 5 (a-d) we show four quantities of two Drude modes (D1 and D2) in the under-
doped sample at various temperatures below and above the magnetic transition temperature
(∼ 80 K) obtained from the fitting. The four quantities are the plasma frequency (ΩDi,p),
the static scattering rate (1/τDi), the DC conductivity (σdc), and the DC resistivity (ρ) of
the two Drude modes. Both plasma frequencies (in panel (a)) show negligible temperature
dependencies. While the static scattering rate of the D1 Drude mode shows strong temper-
ature dependence that of the D2 mode shows negligible temperature dependence (in panel
(b)). These are similar behaviors to what was observed by Dai et al.8; only the scatter-
ing rate of the D1 shows significant temperature dependence. We note that their sample
was an optimally hole-doped (or K-doped) Ba-122 sample. Here we observed that our un-
derdoped sample shows an interesting upturn below the magnetic transition temperature
(marked with a red arrow), which is absent in both optimally hole-doped Ba0.6K0.4Fe2As2
sample in Dai et al. paper8 and our optimally electron-doped one. As shown in panel (b)
the static scattering rate of the D1 mode decreases linearly down to the magnetic transition
temperature from 300 K and then it increases linearly below this temperature. This linear
temperature dependent behavior indicates that the hidden transport property is the non-
Fermi-liquid above and below the transition temperature. The linear temperature dependent
behavior seems to be similar to that in non-Fermi liquid phase of cuprates19. Here we point
out that the magnetic phase transition in the underdoped sample is closely associated with
the D1 mode or electron carriers in the electron-pocket. It seems to be consistent with
earlier angle-resolved photoemission study of detwinned single crystals of electron-doped
Ba(Fe1−xCox)2As220. We observe similar temperature dependent non-trivial behavior in the
other two quantities [σdc(T ) ≡ Ωp(T )2/[4pi · 1/τD(T )] and ρ(T ) ≡ 1/σdc(T )] shown in the
right panels (c, d). In panel (d) we also display the total DC resistivity (open star symbols)
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which can be calculated using a relation, 1/ρD1+D2 = 1/ρD1 + 1/ρD2.
In Fig. 6 (a-d) we display the four quantities of our optimally doped sample at various
temperatures. We can see that only the static scattering rate of D1 shows significant tem-
perature dependence as we have seen previously in the underdoped sample. In panel (a) we
observe that the plasma frequency of the D2 mode (the hole carrier density) is reduced and
that of the D1 (the electron carrier density) is slightly enhanced as we expected; the system
is more electron-doped. In panel (b) we do not observe the non-monotonic and non-Fermi
liquid behavior in the static scattering rate of D1 mode which we observed in the under-
doped sample (see Fig. 5b). The D1 scattering rate decreases monotonically as temperature
decreases. We do not see the T linear dependence which was observed in the optimally doped
Ba0.6K0.4Fe2As2 by Dai et al.
8 instead our data show a rapid decrease down to 200 K and
then a less rapid decrease below this temperature. The different hidden temperature de-
pendent trends might be related to different temperature dependencies in the measured DC
resistivity data of two materials with different doping types: one in the inset of Fig. 2b and
the other in the inset of Fig. 1 of Ref.8. In the inset we display the D1 scattering rate as
a function of T 2; its temperature dependence is near quadratic, which is similar to that of
near optimally electron-doped (Co- and Ni-doped) samples reported by Barisic et al.21. Here
we note that the optimally electron-doped sample seems to show different hidden transport
property from that of the hole-doped sample in Ba-122 material Fe-pnictide systems. We
also display σdc(T ) and ρ(T ) in Fig. 6 (c) and (d), respectively. In panel (d) we show the
total DC resistivity (solid star symbols) to compare it with the measured DC resistivity in
the inset of Fig. 2b; even though the two data sets show similar temperature dependence
they also show different residual resistivities, which we do not know clearly yet.
Conclusion
We studied two different Ni-doped (or electron-doped) Ba-122 single crystal samples,
BaFe2−xNixAs2 (x= 0.05: underdoped and x= 0.10: optimally doped), using an optical
spectroscopic technique. The DC resistivity of our underdoped sample shows a magnetic
phase transition near 80 K. We applied the so-called two-component approach9, which is
also called the Drude-Lorentz analysis, to disclose their hidden transport properties. The
underdoped sample shows significantly different transport properties below and above the
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transition temperature. Above the transition temperature the static scattering of the D1
mode (or the narrow mode) shows a quasi-linear temperature behavior which is different
from that of the optimally doped sample (x = 0.10). The optimally doped sample shows
near Fermi-liquid (quadratic temperature dependent) behavior in the measured temperature
range. Below the magnetic transition temperature the underdoped sample shows completely
different transport properties; we observed an increase linear law on lowering the temperature
for the static scattering rate of the D1 Drude mode (see Fig. 5b). We also found that
the magnetic phase transition influences only electron carriers of the electron-pocket on
the Fermi surface; as the system enters into the ordered magnetic phase the D1 static
scattering increases linearly with temperature. The holes in the hole-pocket seems not to
be affected by the magnetic ordering in the system. The scattering rate of D1 mode in the
optimally doped sample shows near quadratic temperature dependence, which is consistent
with those of near optimally electron-doped samples reported by Barisic et al.21. However,
this temperature dependent transport behavior is different from that of optimally hole-
doped sample investigated by Dai et al.8. This indicates that the electron- and hole-doped
samples show different hidden D1 transport properties. We believe that these new findings
may help to figuring out the superconducting mechanism of relatively new high temperature
superconductors, Fe-pnictides.
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FIG. 1: (a, b) The measured reflectance spectra of BaFe2−xNixAs2 (x = 0.05 and 0.10) at various
temperatures. In the insets we display magnified views of reflectance spectra at low frequency
region.
FIG. 2: (a, b) The extracted conductivity spectra of BaFe2−xNixAs2 (x = 0.05 and 0.10) at various
temperatures using the Kramers-Kronig analysis. In the insets we display measured DC resistivity
data. The red arrow in the inset of the upper panel indicates the onset temperature of the magnetic
phase transition.
FIG. 3: (a, b) The partial sums of BaFe2−xNixAs2 (x = 0.05 and 0.10) at various temperatures.
In the insets we display magnified views of the optical conductivity spectra of the two samples at
low frequency region below 700 cm−1.
FIG. 4: (a, b) Two representative Drude-Lorentz fits and optical conductivity data of
BaFe2−xNixAs2 (x = 0.05 and 0.10) at T = 150 K. We used two Drude components (D1 and
D2) and also included a low-energy interband transition observed by Marsik et al18.
FIG. 5: (a, b) The fitting parameters (ΩDi,p and 1/τDi) of two Drude components (i = 1 and 2)
of BaFe1.95Ni0.05As2. (c, d) We also display the calculated DC conductivities (σdc(T )) and DC
resistivity data (ρ(T )) including the total resistivity as functions of temperature, T .
FIG. 6: (a, b) The fitting parameters (ΩDi,p and 1/τDi) of two Drude components (i = 1, 2) of
BaFe1.90Ni0.10As2. In the inset we display the static scattering rate of D1 mode as a function of
T 2. (c, d) We also display the calculated DC conductivities (σdc(T )) and DC resistivity data(ρ(T ))
including the total resistivity as functions of temperature, T .
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Methods
Samples and reflectance measurement technique.
High quality single crystal BaNixFe2−xAs2 (x = 0.05 and 0.10) samples were grown using
a high-temperature self-flux method22–24. The areas of samples are roughly 2×2 mm2 with
a thickness ≤ 200 µm. We had to add a thin metal plate between the sample and a sample
cone to support and prevent bending of the sample caused by an epoxy contraction when
the temperature was reduced. The transition temperatures were determined using magnetic
susceptibility and DC-transport measurements. The DC transport resistivity data of two
samples are shown in insets of Fig. 1. We obtained accurate reflectance spectra of our
samples at various temperatures using an in-situ metallization method25 and a continuous
liquid Helium flow system. We used a commercial FTIR-type spectrometer, Bruker Vertex
80v to take the reflectance spectra in far- and mid-infrared range (80 - 8000 cm−1 or 10 meV
- 1.0 eV).
Kramers-Kronig analysis.
To get the optical constants from the measured reflectance spectra we performed a
Kramers-Kronig analysis method26. To do the analysis we have to have data in a com-
plete frequency range from zero to infinity. Practically we can have measured data only
in a finite spectral range because of experimental limitations. We need to extrapolate the
measured data to both directions: zero and infinity. We used the well-known Hagen-Rubens
relation for the low frequency extrapolations. For the high frequency extrapolations we took
advantage of existing data of similar materials (BaFe1.85Co0.15As2)
27 for the higher frequen-
cies up to 25,000 cm−1. Above the frequency up to 106 cm−1 we used R(ω) = R(ωmax)ω−DE,
where R(ω) is reflectance, ωmax is the highest frequency in the measured data file, and DE
can be selected between 0 and 2. Above 106 cm−1, where we are in the free electron region,
we used R(ω) = ω−P , where P can be selected between 2 and 426,28.
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Two-component analysis: Drude-Lorentz model with two Drude modes.
We applied the two-component analysis to the optical conductivity as in a published
literature8. We used two Drude components (one is narrow and the other is comparatively
broad) and one Lorentz component and a low-energy interband transition located near 1300
cm−1 as reported recently18 to fit the conductivity data up to 6500 cm−1. The complex
dielectric function (˜(ω) ≡ 1(ω) + i2(ω)) can be written in a Drude-Lorentz model as:
˜(ω) = H −
∑
i=1,2
Ω2Di,p
ω(ω + iτ−1Di )
+
∑
j
Ω2j,p
ω2j − ω2 − iγjω
(1)
where H is the background dielectric function, which comes from contribution of the high
frequency absorption. D1 (D2) stands for a narrow Drude component (a broad Drude
component), ΩDi,p is the Drude plasma frequency, τ
−1
Di is the (average) elastic scattering rate
among free charge carriers. Ωj,p, ωj, and γj are the plasma frequency, the center frequency,
and the width of the jth Lorentz component, respectively. The optical conductivity can be
related to the dielectric function as σ˜(ω) ≡ σ1(ω) + iσ2(ω) = iω[H − ˜(ω)]/4pi.
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